A teaching-learning sequence is presented that is designed to help high school pupils gain awareness about the independence of the vertical and horizontal components of free fall motion. The approach we propose is based on the use of experimental activities and computer simulations designed specifically to help pupils reflect on the experiments and extend their analysis to wider physical situations. Insights on Galileo's experiments are given, to frame pupils' work in a historical perspective.
Introduction
There is currently a wide debate among researchers in physics education about the possible roles played by teaching-learning sequences (TLSs), i.e. 'didactic proposals' designed to develop research-based ways of teaching, in enhancing the study of physics [1] [2] [3] . The debate can promote useful exchange of ideas in the community of researchers and favour reflections on the impact that TLSs can also have in initial teacher preparation. In the following, we will focus attention on an example dealing with free fall motion, while the results obtained with the use of TLSs dealing with different subjects have been reported elsewhere [4, 5] .
It is well known that free fall motion poses considerable difficulties for high school pupils, and the factors responsible for these difficulties have been identified, together with the most common conceptual frames that pupils possess on the motion of objects [6] [7] [8] [9] [10] [11] . Taking into account these results, we designed an approach aimed at making it easier for secondary school pupils to overcome some of those difficulties [12] . Continuous revision of the approach led us to prepare material that can be used with high school pupils and also in initial teacher preparation. Its peculiar feature is that, starting from observations of everyday phenomenology, experiments are then proposed to address specific aspects and computer simulations are related to them. We intend, with our proposal, to enhance opportunities for pupils' experiential learning, by reinforcing the experimental activity and by enriching it with the use of simulations that are designed to extend the observation to a wider range of physical situations and to favour the construction of conceptual models.
In the following paragraphs we describe our TLS and its use with high school pupils and prospective physics teachers.
The approach
The main ideas underlying the path we followed with high school pupils may be summarized as follows.
• To start from what they know about the chosen subject from their experience and everyday observation (games with balls, fountains, jets from water pistols, etc). In the animation a water jet is replaced by a sequence of identical blue balls, except that one is not blue but red. The applet permits the height of the pipe and the initial velocity to be changed.
• To pose questions about the observed phenomena and to find experiments suitable for testing the hypotheses expressed.
• To integrate laboratory work and computer simulations, in order to facilitate pupils' understanding and to offer them the possibility of extending their investigations beyond the eventual constraints posed by the experimental set-up.
• To establish the right balance between the use of lab activity and simulations to help pupils understand the complexity of the phenomenon and, at the same time, encourage them to look for simplifications.
A teaching-learning sequence on free fall motion
Initially we propose the analysis of water jets that pupils have experience with. Then we invite them to work with the material we have prepared: short movies and applets modelling the transition from a water jet to a sequence of falling drops, represented by small coloured balls (figure 1). The work is aimed at reflecting on the relationship between the shape of the jet and the trajectory of each 'water drop' in a steady state condition. It is worthwhile discussing what happens when the initial velocity of the jet continues to change, so that pupils recognize that the trajectories of different water drops are different.
After the initial phase of observation, the TLS suggests focusing on two experiments designed to show the basic characteristics of free fall motion. These experiments allow creation of an inquiry environment in the classroom, posing the kind of problems tackled by Galileo and the scientists of the 'Accademia del Cimento' in studying projectile motion [13] .
From observations to experiments
The experiments that allow us to highlight the independence of the vertical and horizontal components of free fall motion are briefly described in the following. Two metal balls are released simultaneously at the same level and move along two parallel, identically inclined guides that continue with horizontal sections of different lengths. The balls proceed at the same velocity until one of them starts to fall while the other continues its motion along the horizontal guide.
A vertical barrier, whose position can be varied, is set in front of them. When the balls hit the barrier the pupils both hear and see the balls arriving at the barrier at the same time. They should thus infer that the horizontal displacements and velocity components of the two balls are equal (the distances travelled are less than a metre, so that the effect of friction may be disregarded).
This experiment suggests that, in spite of having different trajectories, the balls move in the horizontal direction with the same velocity. We can say that the motion of the ball moving along the horizontal guide is a 'concrete' model of the horizontal component of the free fall motion of the other ball.
(b) Comparing vertical components.
In the other apparatus (figure 3) one ball moves along a guide and, on leaving it, activates a switch so that the other ball, which is held by an electromagnet, is released. In this way the balls start their fall from the same height at the same time and reach the ground simultaneously. The pupils can see that the two balls take the same time to fall, despite the difference in trajectories. The electromagnet and the guide can also be positioned so that the two balls collide before they complete their fall. This should reinforce visually the fact that the vertical components are identical. In this experiment the motion of the ball released by the electromagnet can be considered as a model of the vertical component of the free fall motion of the other ball.
Analysis of the two experiments, designed within a framework consistent with Galileo's work, shows how some of their difficulties are connected to crucial points in the historical development of kinematics [14] .
Computer simulations connected with the experiments
The work with the TLS engages pupils in running applets on those experiments carried out in the previous phase and gives them the opportunity to extend their observations. Images from the applet referring to the first experiment are shown in figure 4 .
The transition from the experiment to its simulation is gradual.
The picture of the apparatus becomes a three-dimensional image and then a two-dimensional one in the simulation, representing only the essential parts. The pupils can vary the position of the barrier and choose to visualize snapshots of the two balls taken either at regular time intervals or at leisure. The simulation offers the possibility of visualizing a dotted line connecting the centres of the balls at each time value (figure 4).
The applet concerning the second experiment (figure 5) allows pupils to vary the position of the electromagnet, so that the two balls can collide during their motion, as well as the time interval between successive snapshots.
As in the previous case, it is possible to visualize dotted lines connecting the centres of the two balls at successive instants. The pupils can observe that such lines are horizontal and therefore recognize that, at each instant, the balls are at the same height.
By using the applets, pupils reconsider the results of the experimental activity and reflect on the importance of recognizing that computer simulations represent only the essential elements of the experimental situations.
A quantitative experiment
The independence of the two components of the free fall motion forms the basis of a quantitative experiment suggested in the TLS to find the relationship between the vertical displacement of a falling object and time. The pupils, divided into small groups and with the help of worksheets, use the equipment shown in figure 6 .
They vary the height h between the base of the guide and the ground and plot the graph of h against x (where x is the range). The graph can be interpreted as h = kx 2 .
During the fall the horizontal motion is uniform, so x = v 0 t where v 0 is independent of h. Even if v 0 is unknown the pupils can write h = kv 2 0 t 2 and conclude that vertical motion is uniformly accelerated. When pupils carry out this experiment, it is useful to discuss with them the design of the apparatus in relation to the aims of the activity (for example, why the guide ends with a horizontal section). One may also usefully tackle the problems connected with measuring physical quantities, such as the evaluation and propagation of uncertainty, the construction of a graphic representation of the experimental data and its use for a formal description of the motion of a falling body. Our TLS proposes deepening the study of free fall motion in a historical perspective, by considering an experiment which, according to Drake's [15] interpretation of an unpublished manuscript, Galileo carried out in 1607. It is up to the teacher to evaluate his/her pupils' interest in considering the reconstruction of Galileo's approach to the study of free fall motion based on geometrical demonstrations. We think that, at least for teachers, the analysis of Galileo's work can be fruitful and motivating.
By using an inclined guide similar to the one represented in figure 6 , Galileo changed the initial starting point of the ball on the guide (so he varied the initial velocity of the free fall) and measured, for each initial position, the corresponding horizontal displacement x [13] .
His results are reported in the above mentioned manuscript (figure 7), where the trajectories are drawn and the values of the corresponding ranges are reported (the lengths are expressed in points: 1 point corresponds to 0.9 mm).
He compared the experimental results with the expected ones, evaluated by using a geometric method, which is summarized in figure 8 [13] .
Galileo drew a semicircle with a diameter equal to the height of the initial position of the ball. In the triangle BCA, rectangular at C, the following relation is true:
On the other hand, he knew that at the end of the inclined guide the velocity of the ball was v = 2g BH and that the duration of the free fall was t = 2 HA/g.
Then he evaluated the horizontal displacement of the ball:
This was the relation that Galileo expected to verify in his experiment for the value BH = HA = 828 points (figure 7), i.e. when the height of the initial position of the ball on the inclined plane was equal to the height of the free fall. In this case the expected value, according to relation (2), was 1656 points, while the measured one was 1340 points. This difference was probably the reason why Galileo never published the manuscript. It is interesting to discuss Galileo's results so that pupils recognize that he could not find confirmation of his predictions because he disregarded the rotation of the ball on the guide.
It is also useful to point out that the method used by Galileo can be applied to water flowing from a hole in a container (figure 9). For a given height of the water column, the range depends on the position of the hole: it is maximum when the hole is in the middle. This can be observed by using a plastic bottle with holes at different levels.
The work carried out on free fall motion can be fruitfully reconsidered when the pupils have learned the Galilean principle of relativity, in order to realize that the independence of the two components of the free fall motion can be seen as a consequence of the relativity principle. Actually, in a reference frame moving at a velocity v, equal to the horizontal velocity of the ball in the laboratory frame of reference, the ball falls vertically, so the vertical component of the motion in the laboratory must be independent of the horizontal one.
Back to simulations
The TLS proposes analysis of computer simulations of falling balls, extending observations to a wide range of initial velocities and initial positions. The software permits visualizing the parabolic trajectories and recognizing how each trajectory depends on the initial conditions. More precisely, the pupils can choose the value and direction of the initial velocity and obtain, for each initial speed, the trajectories corresponding to different directions of that velocity ( figure 10 ).
It will be evident that, for a chosen value of the initial velocity, only certain points can be reached and that each position can be reached with two different directions of the chosen velocity. Each simulation is enriched with graphs of the horizontal and vertical components of displacement and velocity against time. So pupils can enhance the work done and reconsider the mathematical relations describing the simulated motions.
Using the teaching-learning sequence
This approach has been used repeatedly with high school pupils by in-service teachers cooperating with our research group. Comparison of the results obtained in pre-and post-tests with pupils who received a traditional presentation of projectile motion and pupils who followed the TLS always confirmed the effectiveness of the latter approach in helping pupils recognize the independence of the horizontal and vertical components and in using this model to solve problems on the topic.
L Borghi et al
Based on the results of this work, we decided to propose the teaching-learning sequence in courses for the initial preparation of high school physics teachers (in Italy both graduates in Mathematics and in Physics are allowed to teach Physics after completing a Postgraduate School of specialization for teaching). Since most of our student teachers have a degree in Mathematics, we usually tackle basic physics topics with them, using laboratory-centred activities. We found that most of them have initially the same kind of difficulties with free fall motion as high school pupils have. In fact, by asking them the same questions as used in the above-mentioned tests, we obtained results comparable with those for pupils. For this reason we decided to engage them in the laboratory activities proposed in the TLS, and to discuss the physics behind these activities at great depth, so that they could reflect, at an appropriate level, on the work to organize with their future pupils.
Their involvement was favoured by the possibility of using other tools, such as VideoPoint (software that allows analysis of films of bodies in motion) and Interactive Physics (software that permits simulation of mechanical systems), and of themselves designing proposals for the classwork.
For example, they were able to extend the exploration of the second experiment (figure 3) to cases in which a projectile is launched to hit a target initially at rest at a different height (figure 11).
With these tools they also explored the effects of friction on projectile motion and realized that, depending on the velocity values, the presence of friction may lead to quite different types of motion. Discussing Galileo's experiment helped student teachers connect these activities with the knowledge they acquire about Galileo's work in the history of physics courses and improve their understanding of the development of science.
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